Introduction
Recently, radio frequency (RF) signal based wireless energy transfer (WET) has emerged as a perpetual and costeffective solution to power wireless devices, such as mobile sensors, electronic tags, etc. [1] . While numerous works have focused on WET systems to optimize the energy harvesting process at energy receivers [2] , the authors of this paper are more interested in another line of WET research, where WET could be integrated with wireless communication by exploiting the dual use of RF signals. Especially, we focus on wireless powered communication (WPC) [3] , where the energy for wireless communication at the device is obtained via the WET technology. This advanced technology has been deployed and investigated in various wireless system models, including cellular networks [4] , relay systems [5] , [6] , cognitive radio networks [7] , [8] .
In last decade, wireless sensor networks have been more and more attracted by research community, due to their ability to carry out different kinds of tasks, from traffic monitoring, agriculture monitoring, to smart home and health-care applications. For these networks, network life time is a critical aspect to the success of the system. By some previous research, battery life time is the bottleneck in determining the life time of the whole system. In [9] , three wireless powered sensor network models for infrastructure monitoring application have been proposed and their performances have been investigated. Another wireless powered sensor network model was presented in [10] , in which a number of sensor nodes send common information to a far apart information access point via distributed beamforming, by using the wireless energy transferred from a set of nearby multi-antenna energy transmitters.
Both of the works in [9] and [10] only introduce normal sensor networks without the helping of relay nodes. Furthermore, the RF energy transmitters in those works are independent of the information transfer process. This would increase the cost of implementation of these models in practice. In [11] , the authors have tried to overcome this drawback by considering a new WPC system, where a wireless user communicates with an access point (AP) assisted by a bidirectional relay. The user and the relay are both powered by the RF energy from the AP. Here, the role of the relay is to forward the energy from the AP to the user, as well as to forward information from the user to the AP. However, the authors in [11] only considered the case that channel gains are constant, and estimate the maximum achievable throughput of the system. Because of this limitation, there is a large difficulty to apply this result to practical sensor networks. In addition, the work in [11] only considers amplify-andforward as the relaying strategy.
Continuing to the work of [11] , in this paper we provide a rigorous analysis on the same wireless powered sensor network model. We apply a Rayleigh distribution model for the channel gains between nodes, including the AP, relay node and the wireless user. For information transfer, both amplify-and-forward (AF) and decode-and-forward (DF) relaying protocols are investigated. Regarding to the energy harvesting protocol, we focus on time switching (TS) strategy at the relay. The outage probability and the average throughput of the system are derived mathematically. The optimal time switching factor to maximize the system throughput is obtained via numerical algorithm. To verify the analysis mentioned above, Monte-Carlo simulations are also conducted and the results are reported in this paper, too.
The rest of this paper is organized as follows. The next section introduces the system model that we are going to analyze. The detailed performance analysis is provided in Sec. 3. The numerical results to support the analysis are given in Sec. 4. Finally, Sec. 5 concludes the paper.
System Model
We consider a wireless powered system as illustrated in Fig. 1 , where a mobile user is intended to send information to the AP with the assistance of a relay R. Assume that both the user and relay R have no other energy supply but solely the energy harvested from the AP. Furthermore, we assume that direct connection between the AP and the user is so weak, hence, the only available communication path as well as power transfer path is via the relay R. The relay serves the dual roles of both energy relaying from the AP to the user and information forwarding from the user to the AP [11] . To initialize the communication process, a sufficient amount of initial energy is stored in the battery to conduct the first transmission block before energy harvesting, as in [12] . After that, the energy consumed by the user/relay is kept lower than or at most equal to the harvested energy amount during each block, thus no further manual battery replacement/recharging is needed.
All nodes are assumed to operate in half-duplex mode, and either amplify-and-forward (AF) or decode-and-forward (DF) relaying strategy can be used at the relay for information transferring. Regarding to the channel model, we consider the case that perfect channel state information (CSI) is available at the relay and the AP. Let h and g denote the channels from the AP to the relay and from the user to the relay, respectively. In addition, we assume for simplicity that these channels are reciprocal. Different from the work in [11] , all channels here experience Rayleigh fading and keep constant during each transmission block so that they can be considered as slow fading. As a result, |h| 2 and |g| 2 are an exponential random variables with parameters λ h and λ g , respectively.
For energy harvesting, we employ the time switching relaying (TSR) protocol, which is more convenient to implement in practice. As shown in Fig. 2 , the total symbol duration T is divided into three intervals with the lengths of αT, (1 − α)T/2, and (1 − α)T/2, respectively, where 0 < α < 1 denotes the time-switching ratio. The first interval corresponds to the energy harvesting phase at the relay R, in which the AP wirelessly sends its energy to R with power P ap . Then, the total energy harvested at R during each block is given by E r = ηP ap .|h| 2 .αT, where 0 ≤ η ≤ 1 is the energy conversion efficiency. The second phase of duration (1 − α)T/2 corresponds to the information transmission from the user to the relay. In the third phase of the transmission block, R forwards an amplified or decoded signal to the AP and also forwards energy to the user. We assume that the circuit power consumption is negligible as compared to the radiation power, which is reasonable for low-power devices such as sensor nodes.
Performance Analysis
In this section, the throughput and outage performance of the proposed system are analyzed mathematically. The impact of time-switching factor on system performance is investigated. We consider both AF and DF protocols in our analysis.
Amplify-and-Forward Protocol
Let x u denote the transmitted signal from the user during the second phase and P u denote the power of this signal. The received signal at R during this phase is espressed as
where n r ∼ N (0, N 0 ) denotes the Gaussian distributed noise at the relay R.
During the third phase of transmission, the relay amplifies the received signal from mobile user and forwards it to both the AP and the user. While the AP receives this signal for the purpose of getting information message, the user receives the same signal for energy harvesting purpose. The received signal at the AP during this phase is written as
where x r is the signal transmitted by the relay, which has the power of P r , and n d is the zero-mean Gaussian noise at the AP with variance N 0 . Because the transmit power of the relay comes from the energy supplied by the AP in the first phase, we must have [11] 
where k = 2α 1−α . The signal transmitted by the relay is an amplified version of y r :
x r = βy r .
According to energy conservation law, the energy consumed by the relay cannot exceed its available energy, which yields [11] β = 1
Now, we can substitute (1), (4), and (5) into (2) and get
From (6), the signal-to-noise ratio at the AP can be computed by
Let's move on to determine P u . We know that the received signal at the mobile user during the third transmission phase is y u = gx r = g √ βy r . Hence, the energy harvested during this phase can be determined by
So, the transmit power of the mobile user during the second phase is expressed as
By substituting (9) into (7) and doing some algebra, we obtain the overall SNR for AF protocol:
Assume that the source transmits at a constant rate R, then γ = 2 R −1 is the lower threshold for SNR. Here, the outage probability P out and the average throughput of the system can be evaluated by [6] P out,AF = Pr{SN R < γ},
The main contribution of this paper is to derive the closed-form expression of the outage probability and average throughput of the system of interest, as well as to figure out the optimal time-switching factor for energy harvesting. The results for AF protocol are formally stated in the following theorems. Theorem 1 provides the exact integral forms for the outage probability and throughput of the proposed system with AF protocol. In Theorem 2, closed-form approximations of the outage probability and throughput in terms of Meijer function are derived for high source-power-to-noiseratio regime.
Theorem 1 (AF Protocol)
For the AF protocol, the outage probability and the average throughput of the proposed system can be expressed as
and
where δ = kη
Theorem 2 (AF Protocol -Closed-form approximation)
At high P ap /N 0 regime, the outage probability and average throughput of the proposed system with AF protocol can be respectively approximated to
where G 
Decode-and-Forward Protocol
For DF relaying protocol, the data communication is divided into two separating hops, which do not depend on each other. Hence, the outage occurs if and only if either the source-relay path or the relay-destination path fails to satisfy the corresponding SNR constraint. Different from the AF protocol, the message transmitted by the relay during the third transmission phase is the decoded messagex r , instead of x r , and the transmit power of the relay in this phase is the same as the one given in (3). Hence, the energy harvested by the mobile user during the same transmission phase is
= η 2 P ap |h| 2 |g| 2 αT. As a result, the transmit power of the mobile user in the second phase is the same as in (9) .
According to the equations (1) and (2), the SNR values at the relay R and the AP are respectively determined by
The outage probability of the system can be written as
Now we can claim the following theorem on the outage probability and the average throughput of the system of interest.
Theorem 3 (DF Protocol) For the DF protocol, the outage probability and the average throughput of the proposed system can be expressed as
where Γ(α, x; b, β) ∞ x t α−1 e −t−bt −β dt is the extended incomplete gamma function, which is defined in [14] , and x 0 , y 0 are defined by
Proof 3 See Appendix C.
Optimal Time-Switching
To find the optimal time-switching factors that give the best performance in terms of outage probability or average throughput, we solve the equations dP out (α) dα = 0 and dR(α) dα = 0, respectively, where P out (α) and R(α) are outage probability and throughput functions with respect to the time-switching factor.
By investigating the outage probability functions with respect to α for both AF and DF, we can easily see that these are non-increasing functions. That means, the best outage performance is obtained when we exploit energy harvesting at full-scale. However, we should keep in mind that this outage performance only based on the comparison of power between signal and noise. It ignores other factors of communication process. In practice, we cannot set α to 1 because it means that no communication data is transferred.
Hence, the average throughput should be a more reasonable performance factor to be optimized. By plotting the throughput functions for AF and DF protocols versus α, we learn that these functions are concave functions, which have a unique maxima on the interval [0, 1]. The optimal factor α * can be found numerically by some iterative methods, for instance, Golden section search method [15] .
Numerical Results and Discussion
In this section, we conduct Monte Carlo simulation to verify the analysis developed in the previous section. For simplicity, in our simulation model, we assume that the sourcerelay and relay-destination distances are both normalized to unit value. Other simulation parameters are listed in Tab. 1. 
Symbol

Amplify-and-Forward Protocol
In Figures 3 and 4 , the achievable throughput and outage probability of the system with AF protocol are plotted against P ap /N 0 ratio with the data rate set to be 3 bps. The time-switching factor α is chosen to be 0.3 and 0.7. It's can be observed that the outage probability is a decreasing function with respect to P ap /N 0 , while the throughput grows with P ap /N 0 . In addition, the simulation and the analysis curves are overlapping. The approximate outage probability and throughput are also plotted in these figures. They are close to the exact curves, especially when P ap /N 0 is large. This confirms the correctness of our analysis in the previous section. The impact of time switching factor on system performance with AF protocol is illustrated in Fig. 5 and 6 . In this experiment, P ap /N 0 is set to 5 dB, and the rate can be varied at 3 bps, 2 bps, and 1 bps. It can be observed that the outage probability is reduced when we increase the value of α. On the other hand, the simulation result shows that there exists a unique time switching factor at which the average throughput is maximized. Indeed, this optimal factor can be found iteratively using numerical methods.
Decode-and-Forward Protocol
For decode-and-forward protocol, we also have similar results about the impact of various parameters, such as P ap /N 0 and α on the average throughput and the outage probability of the system. Specifically, Fig. 7 and 8 respectively plot the outage probability and throughput against P ap /N 0 , while Fig. 9 and 10 show the dependence of these performance characteristics on time-switching factor α. 
Comparison Between DF and AF
Figures 11 and 12 compare the performance of two protocols that are considered in this paper. The results show that the DF protocol is slightly better Fig. 11 . Outage probability of AF and DF protocol at rate 3 bps. than AF protocol in terms of both outage probability and throughput, because the noise at relay is eliminated in DF protocol, while it's accumulated and amplified in AF protocol.
Optimal Time-Switching Factor
Finally, the optimal values of α at different values of source-power-to-noise-ratio for both AF and DF protocols are shown in Fig. 13 . We can see that the α value that optimizes the throughput has tendency to decrease when P ap /N 0 increases.
Conclusions
In this paper, we investigate the performance of a new WPC system with a bidirectional information/energy forwarding relay in the Rayleigh fading environment. Two relaying protocols based on AF and DF strategies at the relay are considered in our work. For practical orientation, we employ the time switching protocol for energy harvesting. The exact-forms of outage probability as well as the average throughput of the proposed system are derived rigorously. Numerical results are provided to verify our analysis. The results show that the outage probability decreases as the time switching factor increases, while there is a unique value of time switching factor such that the throughput is maximized. For comparison between relaying protocols, the DF protocol is slightly better than its counterpart.
While the motivation of this paper comes from the energy problem in wireless sensor networks, the analysis obtained in this work does not limit to wireless sensor networks themselves, but can be applied for a wide range of wireless applications that employ the relay-node idea. Due to this reason, some specific issues related to sensor networks have not been considered in this paper. For example, the energy required by sensor nodes when collecting data or making measurement should be taken into account. In that case, the energy source not only comes from the information source node but also from other available nodes. This harvested energy can be modeled as a randomly varying variable. That should be our further work in this topic. In addition, we can take into account other factors such as CSI error and hardware impairment. 
Appendix A: Proof of Theorem 1
Let's denote X = |h| 2 , Y = |g| 2 , and δ = kη
. Note that X and Y are exponential random variables with the parameters λ h and λ g , respectively. The end-to-end SNR of the system can be rewritten as
By substituting (A.1) to (11), we obtain
The first term of (A.2) can be determined easily as
We proceed to evaluate the second term of (A.2). Let I denote this term, then we can write 
